The ftsZ gene is essential for initiation of cell division in Escherichia coli and Bacillus subtilis. To begin our studies of division arrest during differentiation of Rhizobium meliloti bacteroids, we isolated a R. melilotiftsZ homolog, ftSZRm. Degenerate primers directed towards a conserved region of ftsZ were used to amplify a segment of R. meliloti DNA by polymerase chain reaction, and the product of this reaction was then used to isolate positive clones from a bacteriophage library. The PCR. Synthesis of a 221-bp polymerase chain reaction (PCR) product containing a segment offtsZ from R. meliloti total DNA was accomplished with the following primers (Pu is a purine, Py is a pyrimidine, and N is G, A, T, or C): 5'CTTGAATTCAAPyACNGAPuGCNCAPuGC3' (to prime synthesis of the nontemplate strand) and 3'TACCCNCCNC CNTGNCCNTGCTTAAGTTC5' (template strand). Two segments of amino acid identity between the B. subtilis and E. coli FtsZ proteins that were spaced sufficiently far apart within the gene to give an easily detectable PCR product and that could yield relatively nondegenerate primer sequences, particularly at the 3' ends, were chosen. At the third position in a codon, maximum degeneracy was introduced in order to prevent a complete mismatch. Annealing potential at the 3' end was maximized by using only the first two invariant positions of the C-terminal amino acid codon. (New England Nuclear); phage DNA was fixed to the filters as described before (22). The filters were screened with the insert from pJC8. After positives were purified and rescreened, phage DNA from XJC9 was isolated, digested, blotted, and probed with the insert from pJC8 to map the gene.
During development of nitrogen-fixing nodules in alfalfa, Rhizobium meliloti bacteria are released from infection threads into root cortical cells and surrounded by a plantderived peribacteroid membrane, and then they begin differentiating into bacteroids capable of fixing atmospheric nitrogen (19) . Two important physiological changes that occur during differentiation are the cessation of cell division and the arrest of DNA replication after a few rounds (39) . Mature bacteroids of R. meliloti have an increased nucleic acid content and a more rounded shape and are larger than their free-living predecessors (29) . Occasional branched forms are also seen. Morphological changes during development in nonsymbiotic microbial systems such as Bacillus subtilis or Caulobacter crescentus have been well studied (20, 27) , but the genes and factors involved in the morphological aspects of Rhizobium differentiation have not been defined. One potential way of addressing the mechanism of division arrest and bacteroid morphogenesis is to understand the genes and factors required for cell division control in Rhizobium cells. Since cell cycle mutants of R. meliloti bacteroids have not yet been isolated, our initial strategy involves isolating homologs of key Escherichia coli cell cycle genes that might be developmentally regulated in R. meliloti.
In E. coli, ftsZ is a key gene required for normal cell division (for reviews, see references 8, 15, and 21). FtsZ acts early in the cell division process, since heat induction offtsZ temperature-sensitive mutant cells results in complete and immediate cessation of division (10) , and the filamentous cells thus formed have no visible constriction points (4) . FtsZ also appears to be rate limiting for septum initiation: moderately increasing the level of FtsZ results in a minicell phenotype because of an increase in division frequency at the cell poles, and the average cell becomes smaller, sug-The ftsZ gene is conserved in other eubacteria, as demonstrated by Southern blot and Western blot (immunoblot) analyses (7) . The only other characterized ftsZ homolog, from B. subtilis, encodes a protein that is 50% identical to E. coli FtsZ (2) and is essential for synthesis of both vegetative and sporulation septa (3) . However, expression of B. subtilis ftsZ in E. coli inhibits host cell division (2) . In this paper, we report the isolation and initial characterization of a R. melilotiftsZ homolog which shares sequence similarity with its E. coli and B. subtilis counterparts and affects E. coli cell division but codes for a significantly larger protein than its counterparts do.
MATERIALS AND METHODS
Media, chemicals, and enzymes. Ampicillin, kanamycin, and tetracycline were used in Luria broth (32) PCR. Synthesis of a 221-bp polymerase chain reaction (PCR) product containing a segment offtsZ from R. meliloti total DNA was accomplished with the following primers (Pu is a purine, Py is a pyrimidine, and N is G, A, T, or C): 5'CTTGAATTCAAPyACNGAPuGCNCAPuGC3' (to prime synthesis of the nontemplate strand) and 3'TACCCNCCNC CNTGNCCNTGCTTAAGTTC5' (template strand). Two segments of amino acid identity between the B. subtilis and E. coli FtsZ proteins that were spaced sufficiently far apart within the gene to give an easily detectable PCR product and that could yield relatively nondegenerate primer sequences, particularly at the 3' ends, were chosen. At the third position in a codon, maximum degeneracy was introduced in order to prevent a complete mismatch. Annealing potential at the 3' end was maximized by using only the first two invariant positions of the C-terminal amino acid codon. Preparation and manipulation of DNA. Total genomic DNA from R. meliloti 1021 was prepared as described previously (26) . Minipreparations of plasmid DNA from E. coli were done by alkaline extraction (32) . Large-scale plasmid preparations for use as templates in S-30 reactions were isolated from CsCl gradients as described elsewhere (32) . Minipreparations of phage A DNA were made from high-titer liquid lysates essentially as described elsewhere (25) . DNA fragments were purified either by elution from agarose gels by freeze-squeeze (40) or directly from lowmelting-point GTG agarose (SeaKem) as described elsewhere (32 (31) . DNA sequencing using the dideoxynucleotide chain termination method (33) promoter primer from Promega Biotec (pJC06 derivatives).
Both dGTP and dITP mixes were used.
In vitro protein synthesis. Coupled transcription-translation reactions contained S-30 extracts made from R. meliloti RCR2011 and 1 ,ug of the appropriate CsCl-banded plasmid DNA template and were performed as described previously (11) . Proteins labeled with [35S]methionine were diluted in sample buffer, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (17) , and visualized by autoradiography using Kodak XAR-5 film.
DNA sequence analysis. DNA and protein sequence comparisons, characterizations, and mapping were done with the University of Wisconsin Genetics Computer Group programs (9) . Data base homology searches were done with FASTA and TFASTA (18 (2) and since Rhizobium DNA has a much higher GC Content, we did not expect to easily detect the R. meliloti homolog by Southern hybridization using an internal segrhent of the E. coli ftsZ gene as a probe. However, there are many short segments of amino acid identity between the E. coli and B. subtilis FtsZ proteins. We reasoned that a PCR approach using primers to these regions would successfully amplify internal R. meliloti-specific sequences that could be used as a 100% homologous probe to screen a genomic library. Therefore, primers corresponding to two relatively nondegenerate hexamer amino acid segments near the N terminus which would give rise to a predicted 221-bp PCR product were made (see Materials and Methods). After amplification of R. meliloti 1021 genomic DNA with these primers, a 221-bp product, which was by far the predominant species, was observed ( Fig. 1 ). This product was cloned into pUC119 to make pJC8.
The DNA sequence of the cloned PCR product (pJC8) revealed a partial reading frame coding for 68 amino acids with 57% amino acid identity to E. coli FtsZ As expected, the amplified region hybridized much more strongly to R. meliloti DNA than to E. coli DNA on a Southern blot; consequently, it was used to screen a X library of R. meliloti DNA. Several positive clones were obtained; one, XJC9 (Fig. 2) , which contained a 10-kb BamHI insert which hybridized to the probe, was chosen for further study. Southern blot analysis of restriction enzymedigested R. meliloti genomic DNA and purified XJC9 DNA indicated that the entire ftsZ gene was probably contained within the BamHI insert, based on the predicted position of the PCR product within the coding region and the mapped location of this PCR product within the BamHI fragment (Fig. 2) . A 3-kb XhoI fragment likely containing the entire ftsZRm gene was subcloned (pJC05); it and another 2-kb BamHI-HindIII subclone with the insert in the opposite orientation (pJC06) were used for DNA sequencing (Fig. 2) .
DNA and deduced protein sequence analysis of ftsZ. We obtained the nucleotide sequence of the 2-kb BamHIHindlIl fragment on both DNA strands by using the strategy diagrammed in Fig. 2 . The sequence (Fig. 3) (Fig. 3, underlined) , suggesting that it is translated efficiently (36) . An inverted repeat resembling a stable rho-independent terminator structure (30) (12) (Fig. 3) .
The FtSZRm protein is 45 to 50% identical to both the B. subtilis and the E. coli FtsZ proteins; a three-way protein alignment is shown in Fig. 4 high-molecular-weight glutenins, which contain extensive proline-glutamine tracts that resemble the Pro-Gln motifs found in FtSZRm.
In view of the possibility that the 200-amino-acid domain had originated by an insertion event or had been removed in E. coli and B. subtilis by a splicing event, perhaps analogous to crk processing in B. subtilis (37), we searched for potential splice sites and inverted repeats flanking the domain. A 7-base inverted repeat (TCGTCGC; Fig. 3 (Fig. 5) . The degree of expression was independent of whether ftSZRm was in the same orientation as P,b,< (pJC06) or in the opposite orientation (pJC05). This apparent size is 7 kDa larger than the predicted 63 kDa, which may be a result of aberrant migration, as has been observed with other acidic proteins such as bacterial u factors (14) . To demonstrate that this triplet represents FtSZRm, a template was used (pJC062) that lacks the last 72 amino acids of FtSZRm and has a reading frame terminating 2 amino acids into the pUC119 polylinker, resulting in a 520-amino-acid protein predicted to be approximately 8 kDa smaller than the wild-type FtSZRm (Fig. 2) . A triplet migrating with an apparent molecular mass of approximately 62 kDa was indeed observed (Fig. 5) , strongly suggesting that the triplet represents FtSZRm. The fact that the truncated species also migrates unusually slowly suggests that the features that cause aberrant migration are still intact in the truncated species; this idea is supported by the estimated isoelectric point of the truncated protein of 4.74, which is similar to that of the full-length protein. To (Fig. 6b) , suggesting that low-level expression of FtSZRm results in hyperdivision. However, induction of these cells carrying pJC06 with 1 mM IPTG led to cell filamentation (Fig. 6d ) and at least a 10-fold decrease in CFU after 24 h (data not shown), suggesting that the overproduced FtsZRm was directly or indirectly inhibiting the E. coli cell division system. We reasoned that intermediate levels of expression might result in a phenotype between the small-cell and filamentous phenotypes. This idea was supported by the appearance of mostly normal-length cells at IPTG concentrations between 1 and 10 ,uM, suggesting that an equilibrium had been reached between division stimulation and inhibition (Fig.  6c) . Neither pJC06 nor pJC05 was able to complement the ftsZ84(Ts) mutation in JFL101, which results in filamentation at high temperature (data not shown); however, JFL101 does not have the lacP allele and thus might allow a significantly higher level of ftsZRm expression than the XL1-Blue derivatives used in the procedures described above.
DISCUSSION
In E. coli, the ftsZ gene is essential for initiation of the division septum, the first known step in the separation of two bacterial cells. As a first step in our effort to understand the mechanism of division arrest during bacteroid differentiation, we have isolated a R. meliloti ftsZ homolog by using PCR to obtain a completely homologous probe internal to the gene. The high degree of amino acid identity shared between the E. coli and B. subtilis proteins facilitated the PCR approach, which was simple and rapid and allowed identification of definite ftsZ sequence homology before a library was searched. The sequences of only two ftsZ genes were known prior to this work. The PCR was successful since the amino acids in the region of the primers are 5827   1  5  10  15  20  25  30  35  40  45  50  55  60 EC - 61  65  70  75  80  85  90  95  100  105  110  115  120 Ec I   121  125  130  135  140  145  150  155  160  165  170  175  180 Ec Ec 301  305  310  315  320  325  330  335  340  345  350  355  360 Ec 361  365  370  375  380  385  390  395  400  405  410  415  420 Rm 421  425  430  435  440  445  450  455  460  465   470  475  480 Ba KLFAGVAPTEAAPVMRPAQPAPRPVEMQAPVQPQMQAQPVQQEPTQVVRQQAEPVRMPKV 481  485  490  495  500  505  510  515  520  525  530  535  540 Ec L   541  545  550  555  560  565   570  575  580  585  590 Ec its homologs, and they appear to be in a single nonhomologous domain. The weak amino acid sequence similarity to wheat prolamin storage proteins is due to the predominance of proline and glutamine repeats in the glutenins. It has been proposed that these repeats form a stacked a-sheet secondary structure which could account for the mechanical flexibility of these glutenous proteins (35 Efficient expression of the ftsZRm gene in the R. meliloti S-30 extract in either orientation with respect to P,,C is consistent with the predicted efficient codon usage and good ribosome-binding site and suggests that a promoter for ftsZRm lies within the upstream 190 bp present in both pJC05 and pJC06. It is not clear why multiple protein bands were seen. There are no alternative translation initiation sites (ATG or GTG) in the sequence upstream of the ftsZ open reading frame, making multiple starts unlikely. Differential C termini are very unlikely, since the same pattern of bands was observed with the protein truncated at its C terminus (24) . Degradation, specific processing, or modifications are still open possibilities and can be tested. Western analysis with an antibody specific for FtSZRm is the best way to investigate whether this phenomenon is seen with proteins synthesized in vivo. A considerable number of smaller bands had been observed on Western blots with FtsZ proteins from bacteria closely related to E. coli (7) , and an analogous pattern, including the triplet band seen in vitro, could be detectable with a specific antibody. The slower mobility of FtSZRm relative to its predicted molecular weight could be due to its low pI, as is the case with a factors, or to an unusual structure or folding pattern. It is notable that an unusual structure is postulated to be the cause of aberrantly slow migration of the high-molecular-weight wheat glutenins (13) , which, as already noted, have sequence compositions similar to that of the nonhomologous domain of FtsZRm.
With the R. melilotiftsZ gene now cloned, the next step is to determine its possible role in septum initiation in Rhizobium species. Several of our findings argue that this gene is equivalent to the known E. coliftsZ. First, expression of the gene is predicted to be efficient, and we observed strong in vitro expression. Second, ftsZRm maps physically to the large chromosome (24) , which is the location of most of the housekeeping functions. Third, a reading frame homologous toftsA, another essential cell division gene located immediately upstream from ftsZ in E. coli and B. subtilis, similarly lies just upstream from ftsZ in R. meliloti (23) . IPTG dependence phenotype for ftSZRm, which seems to reflect complementation at low levels and division inhibition at high levels, both consistent with a functional ftsZ gene, has been demonstrated in E. coli. However, the situation in Rhizobium species may be complicated. For example, several lines of evidence suggest that a second copy of ftsZRm may exist. First, weak but discrete secondary bands were observed on Southern blots containing R. meliloti genomic DNA probed with the cloned PCR product (6) . Second, there are precedents in R. meliloti for duplication of genes: there exist multiple homologs of genes involved in nodulation, such as the nodD family (16) and the duplicate nodPQ locus (34); in addition, there exist two copies of a chaperonin 60 (cpn6O) gene, which is homologous to the essential groEL gene of E. coli (28) . Third, in addition to the large crossreactive band on the Western blot of Agrobacterium proteins reported by Corton et al. (7), there is an equally strong band slightly smaller than 40 
